The influence of the ambient pressure on the breakup process is investigated by means of PIV and shadowgraphy in the configuration of a planar prefilming airblast atomizer. The ambient pressure is varied from 1 to 8 bar. Other investigated parameters are the gas velocity and the film loading. From single-phase PIV measurements, it is found that the gas velocity in the vicinity of the prefilmer partly matches the analytical profile from the near-wake theory. The shadowgraphy images of the liquid phase directly downstream of the prefilmer allow to extract characteristic quantities of the liquid accumulation at the atomizing edge. Two different characteristic lengths, as well as the ligament velocity and a breakup frequency are determined. In addition, the droplets generated directly downstream of the liquid accumulation are captured. Hence, the spray Sauter Mean Diameter (SMD) and the mean droplet velocity are given for each operating point. A scaling law of these quantities with regard to ambient pressure is derived. A correlation is observed between the characteristic length of the accumulation and the SMD, thus promoting the idea that the liquid accumulation determines the primary spray characteristics. An threshold to distinguish the zones between primary and secondary breakup is proposed based on an objective criterion. It is also shown that taking non-spherical droplets into account significantly modifies the shape of the dropsize distribution, thus stressing the need to use shadowgraphy when investigating primary breakup. The ambient pressure and the velocity are varied accordingly to keep the aerodynamic stress ρ g U 2 g constant. This leads to almost identical liquid accumulation and spray characteristics. Hence, it is confirmed that the aerodynamic stress is a more appropriate parameter than the gas velocity or the ambient pressure to characterize prefilming airblast breakup. Finally, SMD correlations from the literature are compared to the present experiment. Most of the correlations calibrated with LDA/LDT measurement underestimate the SMD. This highlights the need to use shadrowgraphy for calibrating primary breakup models.
Introduction
In the perspective of reducing the CO 2 emissions, the use of fossil fuel must be optimized. For combustors fed by a liquid fuel, the quality of the atomization plays an important role on the efficiency of the combustion, on the pollutant emissions and on the soot production (Lefebvre 1999) . When the spray is composed of smaller droplets, the gas/liquid contact area is increased, thus promoting a quick vaporization and consequently a better mixing with the gas. This leads to a more homogeneous mixture that † Email address for correspondence: geoffroy.chaussonnet@kit.edu arXiv:1906.04042v1 [physics.flu-dyn] 10 Jun 2019
Figure 1: Sketch of a prefilming airblast atomizer, from Lefebvre (1989) ensures a more stable flame. The quality of the atomization is especially important for transient conditions such as the variations of the engine load (take-off or approach phase for airplanes), ignition, or high altitude relight. Prefilming airblast atomizers (figure 1) are one of the mostly used devices in gas turbines. They provide constant spray characteristics over a wide range of air speed, fuel mass flow rate and ambient pressure (Lefebvre 1989) . In this type of device, the liquid fuel is fed at low velocity, and is atomized by the highspeed air flow. In order to improve the momentum transfer, the liquid is disposed as a thin liquid film, which increases the contact interface between gas and liquid. The liquid film is driven by the air flow to the tip of the injector, referred to as the atomizing edge, where it accumulates. This liquid accumulation is then fragmented by the surrounding highspeed air flow (Gepperth et al. 2012) . Even though this type of injector is widely used, the fundamental mechanism of the liquid disintegration occurring at the atomizing edge is not fully understood. This lack of understanding prevents the development of reliable and universal models to be embedded in large scale simulations of complete combustion chambers. The influence of global parameters such as the gas velocity, film loading, and surface tension was recently investigated by Gepperth et al. (2012 Gepperth et al. ( , 2010 Gepperth et al. ( , 2013 . In his PhD thesis, Gepperth (2019) investigated the influence of ambient pressure on the disintegration process of the liquid accumulation in prefilming airblast atomization. This paper uses the original results from Gepperth (2019) and extends the post-processing to extract additional conclusions.
Studies of airblast atomizers were pioneered by Rizkalla & Lefebvre (1975) , Lefebvre (1980) , El-Shanawany & Lefebvre (1980) , Rizk & Lefebvre (1980 , 1983 , Sattelmayer & Wittig (1986) and Aigner & Wittig (1988) . In these studies, the main parameters influencing the mean drop size were identified as the gas velocity, the surface tension and the Air Liquid Ratio (ALR). It should be pointed out that Sattelmayer & Wittig (1986) , for the first time, observed the liquid accumulation based on photographs. Among the aforementioned works, two studies investigated the influence of ambient pressure on the mean drop size. Rizk & Lefebvre (1983) investigated a plain airblast injector while Rizkalla & Lefebvre (1975) studied the design of prefilming airblast injector. In both studies a Light Diffraction Technique (LDT) was used to determine the SMD of the spray. The distances between the light beam and the nozzle exit were roughly 50 mm and 200 mm for Rizkalla & Lefebvre (1975) and Rizk & Lefebvre (1983) , respectively. The latter found a SMD inversely proportional to the ambient pressure. More recently, the investigation of prefilming airblast atomization with a varying ambient pressure was conducted by Batarseh (2008) on an annular swirling injector with Phase Doppler Anemometry (PDA) located, at the closest, at 3 mm downstream of the nozzle exit. The author varied the ambient pressure and the gas velocity to keep the mass flow rate constant, and observed a non monotonic evolution of the SMD when increasing the Bhayaraju & Hassa (2009) investigated prefilming airblast atomization at high pressure using a planar injector with PDA located, at the closest, 10 mm downstream the nozzle exit. The authors also reported a storage mechanims of the liquid at the prefilmer tip. Gepperth et al. (2012 Gepperth et al. ( , 2010 Gepperth et al. ( , 2013 ) investigated a planar prefilming airblast nozzle (figure 2 left) by means of shadowgraphy. Contrary to the previous investigations, they extracted the spray characteristics directly at the nozzle exit, and showed that the mean diameter of this primary spray scales with the atomizing edge thickness. Within the operating conditions studied, they observed that (i) the liquid accumulates at the atomizing edge, (ii) the breakup events always occur at the liquid accumulation, and (iii) the liquid accumulation decouples the breakup events from the wave propagation of the film flow. Déjean et al. (2016) investigated the prefilming airblast atomization of water for different film loadings, gas velocities and prefilming lengths by mounting a prefilming surface downstream a streamlined body. They highlighted the influence of the prefilming length, and proposed a regime map describing the surface of the film and the presence of a liquid accumulation depending of the prefilming length, the vorticity thickness and the momentum flux ratio. In addition, it was observed that the regime transition from accumulation breakup to liquid sheet breakup is triggered by an increase of the film loading (figure 3). Prior to the publications of Gepperth and coworkers, the breakup regime associated to prefilming airblast atomization was the liquid sheet breakup only (Bhayaraju 2007) , which is mainly observed in non-prefilming airblast atomization (figure 2 right). In this type of breakup, the liquid propagates downstream the nozzle in the form of a thin sheet, and is continuously fragmented by the air stream. This type of breakup can be broken down into different sub-regimes by increasing the momentum flux ratio M : cellular, stretched-ligament, torn-sheet and membrane-sheet breakups (Stapper & Samuelsen 1990; Fernandez et al. 2011) . The distance to the atomizing edge where breakup takes place decreases with an increasing M . In the regime observed by Gepperth and coworkers, the breakup always occurs directly at the liquid accumulation, i.e. at the atomizing edge, and several sub-regimes of breakup are observed for the same operating conditions. Hence, this type of breakup is significantly different from the liquid sheet breakup, and the identification of the liquid accumulation was a major breakthrough for prefilming airblast atomization. This type of breakup is subsequently referred to as accumulation breakup.
At this point, it must be stated that the distance between the atomizing edge and droplet size measurement position is of primary importance. In the vicinity of the atomizing edge, the accumulation breakup produces highly distorted blobs or ligaments. Further downstream, the liquid structures undergo a cascade fragmentation referred to as the secondary atomization, and lead to a cloud of spherical droplets. Between these zones a transition zone can be identified, where both regimes are observable, as schematically illustrated in figure 4. Note that there is no dedicated quantitative criterion 
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Figure 4: Snapshot of the spray generation in the vicinity of the atomizing edge (left) and corresponding illustration of the type of breakup (right) to distinguish between primary and secondary breakup. These two types of breakup mechanisms feature different characteristics and modeling approaches. While secondary breakup is universal and independent of the atomizer type, primary breakup heavily depends on the injector design. Therefore, a study focusing on primary breakup has to measure the spray quantities directly at the nozzle exit in order to minimize the impact of secondary breakup. On the other hand, experimental diagnostic of the primary breakup is subject to limitations. First, in modern prefilming airblast atomizers the optical access is limited due to the presence of a diffusor downstream the atomizing edge (Shanmugadas et al. 2018) . Second, the highly distorted liquid structures cannot be captured by PDA and lead to a signification deviation for LDT (Dumouchel & Blaisot 2014) . This is the reason why, in most of the studies aforementioned, the measuring volume was placed further downstream in the zone where secondary breakup was already significant or even dominant. This limits the availability of experimental data which are suitable to develop a primary breakup model, and stresses the need to use alternative diagnostics for recording the spray characteristics in the vicinity of the atomizing edge.
With respect to the modelling of a prefiming airblast atomizer under real engine condition, the presence of the flame front and zones of high temperature are to be considered. It is observed in experiments (Doll et al. 2017) and numerical simulations (Moin & Apte 2006; Boileau et al. 2008 ) of swirl-stabilized flames that the flame front is located approximately one diameter downstream the nozzle exit, but the temperature † Reprinted from International Journal of Multiphase Flow 79, B. Déjean, P. Berthoumieu, P. Gajan, Experimental study on the influence of liquid and air boundary conditions on a planar air-blasted liquid sheet, part II: prefilming, 214-224, c 2016, with permission from Elsevier.
sharply increases directly at the prefilmer tip. This means that the evaporation starts at the prefilmer tip where primary breakup occurs. Hence, the droplet diameter is constantly reduced from the atomizing edge to the flame front. In this case, a numerical model calibrated on secondary atomization data, which would inject droplets at the prefilmer tip might not be satisfactory for a high-fidelity simulation of combustion. Moreover, the size of the droplets directly affects the the flame position (Fiorina et al. 2016) . This emphasizes the need to collect data on droplets and liquid blobs as soon as they are created, i.e. at the atomizing edge.
The objectives of the present work is to analyze the influence of the ambient pressure and aerodynamic stress on the characteristics of the liquid accumulation and the primary spray with the aim to develop models for predicting primary spray characteristics at the atomizing edge. The second goal is to demonstrate the necessity to collect data directly at the atomizing edge, and therefore to rely on shadowgraphy technique, in order to capture large and non-spherical liquid blobs. The experimental setup as well as the diagnostics are presented in Section 2. PIV measurements of the air flow field are presented in Section 3 and a model to estimate the axial velocity at the center line is presented. Thereafter, qualitative observations of the liquid accumulation are shown in Section 4, followed by a quantitative analysis in Section 5. The influence of the aerodynamics stress is discussed in Section 6. Finally, the measurements of the SMD are compared to correlations from literature in Section 7.
Experimental setup and diagnostics
High pressure test-rig
The test-rig is depicted in figure 5 . It consists of a cylindrical pressurized duct featuring optical accesses. The pressurized air is supplied by a compressor providing a maximum mass flow of 1.2 kg/s at 8 bar. A plenum is mounted upstream the test section for homogenization of the air. The air then enters the atomizer through a nozzle equipped with a flow straightener. The liquid is supplied to the atomizer from a pressurized vessel that suppresses any flow rate fluctuations. The mass flow rate is controlled by a Coriolis mass flow meter. The atomizer discharges in an open and quiescent atmosphere. Downstream the test-section, the liquid is separated from the air in a cyclone.
Prefilmer geometry
The investigated atomizer is depicted in figure 6 . It is a planar prefilming airblast atomizer and can be considered as a 2D abstraction of a realistic annular atomizer. It has the advantage to feature the same breakup mechanism like in annular atomizers (Gepperth et al. 2012; Holz et al. 2016) in a deterministic plane that simplifies optical measurements. The geometry consists of a wing-shaped prefilmer located at the center of a rectangular channel. The liquid is injected in a small plenum inside the prefilmer through four ducts. It discharges from the plenum to the prefilmer surface through fifty holes equally which are distributed along the prefilmer width, allowing a homogeneous wetting. The thickness of the atomizing edge was measured using a technique based on foam filling. The geometrical characteristics of the prefilmer are recalled in Table 1 .
Operating conditions and non-dimensional groups
The operating conditions are summarized in 
with Re g the gaseous Reynolds number based on the prefilmer length. The liquid Reynolds number is based on the mean liquid velocity U l the film thickness h f . These two quantities were not measured in the present configuration, but their product is equal to the film loading Λ f . Hence:
where ν l is the kinematic viscosity of the liquid. Two Weber numbers are derived in the following. First, the Weber number We h based on the atomizing edge thickness h. It was found that the SMD scales We h . Second, the Weber number We δ based on the boundary layer thickness δ. They are expressed as:
The Ohnesorge number is based on the atomizing edge thickness and is given by Oh = µ l / √ σ ρ l h a . Finally, the aerodynamic stress τ G = ρ g u 2 g represents the amount of gaseous momentum available for disintegration of the liquid accumulation at the atomizing edge. As discussed in Section 6, it is an important quantity governing primary atomization. The extreme values of the non-dimensional numbers, the estimated boundary layer thickness at the atomizing edge and the aerodynamic stress are listed in Table 3 . 
Diagnostics
The gas velocity field was measured by means of PIV in the plane ( y, z) at the outlet of the atomizer (figure 7). The flow was seeded upstream the prefilmer by droplets of DEHS (Di-Ethyl-Hexyl-Sebacat) of ≈ 1 μm, resulting into a particle relaxation time of ≈ 2.5 μs for the present conditions. For a Stokes number lower than 0.1, the accuracy of the PIV measurement is below 1% (Tropea & Yarin 2007) . Therefore, single phase flow features of a frequency up to 40 kHz will be captured with an accuracy better than 1%. The tracers were recorded in a plane illuminated by a 100 μm thick laser sheet. The spatial correlation is computed over a square of 8x8 pixels of 26 μm each, leading to a spatial resolution of 208 μm. The statistics (mean and RMS) of the flow field are computed based on 200 double pictures. The overall uncertainty is ≈1%.
The breakup process was investigated by means of shadowgraphy. Time series were recorded by a high-speed camera with a constantly illuminated background for qualitative analysis. For quantitative measurement, high-resolution double-frame images were recorded with a CCD camera at a frequency of 10 Hz. Hence, each double-frame picture is uncorrelated from the previous or next one. The double-frame image corresponds to an instantaneous sample of the primary breakup and the quantitative output can be treated in a statistical sense. The field of view is 12 mm and 16 mm in the y and z direction, respectively, and the spatial resolution is 10 μm. The Depth-of-Field (DoF) is 0.44 mm. The background is illuminated with a dual cavity Nd:YAG pulse laser. The intensity of the expanded beam is homogenized by a diffuser disc. Then, the light passes a cuvette of laser dye (rhodamine) to be reemitted as a non-coherent light. This is a counter measure for eliminating spurious interferences. The corresponding experimental setup is illustrated in figure 8 .
For post-processing a Particle and Ligament Tracking Velocimetry (PLTV) technique was applied to the double-frame pictures. This technique possesses the advantage to record the characteristics of the liquid accumulation and the generated droplets by the same image. In addition, non-spherical droplets are captured. The algorithm was previously developed by Kapulla et al. (2008) and Müller (2015) . It consists of the following steps as illustrated in figure 9 . First, the position of the atomizing edge is manually set and the intensity of the background is normalized to enhance the contrasts between background and liquid (figure 9a). Second, a contour detection algorithm based on gray scale threshold is performed to discriminate the liquid phase. The threshold value is set proportional to the median value of all the pixels. From this algorithm, the contour of the liquid accumulation and the position of the tip of each ligament are identified (figure 9b). Each position is determined as a local maximum with respect to its distance from the atomizing edge. It is considered as the ligament length and labeled L Lig in the following. The length P Lig of the contour corresponds to the perimeter of the liquid accumulation. From the double frame, the axial velocity U Lig of the ligament tip is calculated. A strong negative velocity can be recorded for receding ligaments after a bag breakup, whereas extreme high velocities are due to the uncertainty in the determination of the ligament tip when the surface is highly distorted (Müller 2015) . In order to eliminate unrealistic ligament velocities and to achieve an acceptable estimation of the ligament velocity close to breakup, U Lig is taken as the 90 th -percentile of the whole set for an operating point (figure 9c). Finally, the projected surface A Lig of the liquid accumulation is defined as the area delimited by the contour and the atomizing edge (figure 9c).
The liquid blobs, which are torn off from the accumulation, are detected as closed contours, and considered as droplets. Their equivalent diameter is estimated by two methods. First, the number of pixels enclosed within the contour is converted to a projected area. This area A proj,1 is considered as the frontal area of a spherical droplet, leading to a diameter of d meas.,1 = 4A proj,1 /π. Second, an ellipsoid is fitted to the shape of the closed contour, and the two major axis (a and b) are determined. With the assumption that the short axis (b) is the extension of the droplet in the third dimension, the volume can be computed as V = 4πab 2 /3, leading to a diameter d meas.,2 = 3 √ ab 2 . The difference between the two equivalent diameters is an indicator of the sphericity of the droplet. A Depth-of-Field (DoF) correction was applied to increase the accuracy of small droplets. The procedure is extensively explained by Warncke et al. (2017) .
In the following, the characteristics scales of the liquid accumulation are the mean ligament length L Lig , the ligament tip velocity U Lig , the breakup frequency f BU and (2019) the ratio A Lig /P Lig . The two formers were explained previously. The frequency f BU is expressed as U Lig /L Lig and is referred to as the breakup frequency. Strictly speaking, it is the inverse of the time required for the ligament to be stretched over the distance L Lig if the velocity were constant. It must be highlighted that L Lig is the mean length of all ligaments detected for one operating point. This includes the whole ligament, from formation to elongation and finally breakup. Consequently, it does not correspond to the ligament length at the moment of breakup. However, f BU provides a measure of the breakup time scale (or frequency) at the atomizing edge. The ratio A Lig /P Lig is a length scale that depend on the total volume of liquid inside the accumulation (A Lig ) over the distortion of the interface (P Lig ). Hence, it is a measure of the size-to-distortion ratio of the liquid accumulation.
Air flow
Due to geometrical constraints, the lens of the PIV camera was not perpendicular to the optical access. Therefore, a geometrical transformation was necessary to recover the air flow field. The origin of the coordinate system is located on the atomizing edge. Figure 10 displays the mean velocity field for a bulk velocity U g = 40, 50 and 60 m/s at p = 1 bar. The color map corresponds to an equidistant partitioning from 0 to U max and qualitatively shows the identical flow patterns. All the typical features of shear layers are visible, such as the shear zones at the outside of the channel flow, the wake of the prefilmer and its subsequent inner shearing zones.
The axial velocity profiles are plotted in figure 11, in terms of mean (top) and RMS (bottom) values, at two different planes at y = 5 and 35 mm for U g = 40 (left) and 60 m/s (right). The part of the profiles in negative z direction are flipped to the positive direction in order to demonstrate the symmetry of the wake. The mean velocity inside the wake strongly increases from y = 0 mm to reach approximately 66% of the bulk velocity at y = 5 mm and finally more than 90% at y = 35 mm. Recirculation zones are also observed at the outer part of the channel. The RMS profiles show a typical peak at the outer shear zones, which increases as the shear zone widens downstream. To the contrary, the peak located inside the wake zone decreases downstream, as a the two inner shear layers join and regularize the flow. The profiles show a weak dependance on the bulk gas velocity, confirming the identical flow pattern as illustrated in figure 10 . The vorticity thickness δ ω is shown in figure 12 for the outer (left) and the inner (right) shear layers. It is defined as:
and thus gives a length scale of the momentum diffusion in the layer. It was computed from the mean axial velocity profile at each axial position (e.g. figure 11 ) based on the PIV measurements. The outer shear layers δ ω,out (figure 12 left) increases linearly with y, with a longitudinal gradient dδ ω,out /dy of ≈ 0.13, which is a typical value for a mixing layer (Pope 2000) . The value of δ ω,out at y=0 is the boundary layer thickness. It is slightly above 2 mm, which is consistent with the value given by Eq. 2.1. The value of the vorticity thickness of the inner layers (figure 12 right) undergoes a sharp drop inside the wake region of the prefilmer. This is due to the fact that a recirculation zone does not exhibit the same feature as a canonical mixing layer. Therefore, δ ω,in for y < 4 mm should not be considered as a vorticity thickness in a strict sense. Outside the recirculation zone, the vorticity thickness features also a linear evolution with a longitudinal gradient dδ ω,in /dy of ≈ 0.025, which is the half of the typical lower bound for regular mixing layers.
Flow structure downstream the prefilmer
In the case of a single-phase flow, the gas flow field downstream the prefilmer is similar to the turbulent wake downstream of a flat plate. Such a configuration was experimentally investigated by Chevray & Kovasznay (1969) , Pot (1979) , Andreopoulos & Bradshaw 
Figure 13: Near-and far-wake regions: turbulent wake of a flat plate, as sketched by Alber (1980) . (1980) and Ramaprian et al. (1982) . A theory was proposed by Alber (1980) and later completed by Ramaprian et al. (1982) . All the authors agreed on the characteristics of the flow. The structure of the flow is sketched in figure 13 and described as follows. In the direction normal to the prefilmer surface, the wake is decomposed into (i) the outer wake, at the same level as the one of the boundary layer developing on the plate, and in (ii) the inner wake, on the same level of the plate, in the region of the centerline. The thickness of the outer wake tends to decrease in the streamwise direction downstream the atomizing edge, and eventually merges with the inner wake. As the liquid accumulation is located in the wake zone of the prefilmer, we will focus on the inner wake. In the streamwise direction, the inner wake can be decomposed into three zones. First, into the inner wake directly downstream the edge, where the flow is laminar and the Goldstein's solution of the boundary layer is valid. In this zone, the wake "consumes" the viscous sublayer δ ν of the upstream boundary layer. According to the Goldstein's solution, the thickness of this layer and the centerline velocity both increase with y 1/3 . The existence of this laminar zone is valid until its thickness reaches δ ν , i.e. until it consumes the upstream viscous sublayer completely. The transition to the second zone, namely the turbulent inner wake, occurs at y + ∼ 100 or y * ∼ 25, where the superscripts + and * refer to lengths normalized by δ ν and θ 0 , respectively:
with θ 0 the momentum thickness of the upstream boundary layer and u τ the shear velocity of the upstream boundary layer, defined as τ w = ρ g u 2 τ . When the viscous sublayer is totally consumed, the wake starts to influence the logarithmic region of the upstream boundary layer. Alber (1980) uses this idea to justify that the scales of the turbulence are similar to the ones in the logarithmic layer (i.e.
, and that the diffusion process is dominated by turbulence. Assuming a linear increase of the eddy viscosity = κu τ z in the normal direction and the existence of similarity, Alber (1980) derives, among other expressions, the centerline velocity v c (y):
where κ is the von-Karmann constant equal to 0.41, B = 5.2 and γ is the Euler constant equal to 0.5772157. The function g(y + ) is representative of a length scale in the turbulent inner wake. It is defined by Alber (1980) as: [−] 3.5 7.6 11 uτ /uτ,0
[−] 1.10 1.07 1.04 Table 4 : Scales of the turbulent inner wake region and fitting constants
As stated by Alber (1980) , there is some arbitrariness regarding Eq. 3.4 in the origin of y + . Therefore, y + t = (y − y 0,t ) u τ /ν will be substituted to y + in the following. This degree of freedom in the virtual origin of the turbulent inner wake will be used later to match the experimental profiles. The third zone is called the far-wake region and starts at y + > 5000 (or y * > 350). In this zone, the flow admits self-similarity, and the wake half-width and the velocity defect scale with y 1/2 and y −1/2 , respectively.
Comparison to experiment
In the following, we will compare the theory to the present experimental results for a bulk velocity of 40, 50 and 60 m/s, for the laminar and turbulent inner wake region. We estimate the momentum thickness of the upstream boundary layer by the formula from Cousteix (1989) :
with Re θ0 = U g θ 0 ν and (A 1 , A 2 ) = (0.2, 8.6 × 10 −3 ) (3.5)
The shear velocity u τ in the inner wake regions will be estimated by fitting Eq. 3.3 on the experimental results in the turbulent inner wake region. The resulting u τ will be confronted to an estimation from Pope (2000) for a flat plate. Note that in the aforementioned references the ratio of the momentum thickness to the splitter plate thickness (θ 0 /h a ) is in the range 10-20 whereas it is 0.32 in the present experiment. Hence, as it will be discussed in the following, the flow will be different inside the laminar inner wake region. The mean axial velocity at the center line is shown in figure 14 . The axial distance is normalized by θ 0 and the velocity is normalized by u τ . The three operating points match well, suggesting appropriate normalizing scales. Different regions are observed. First, there exists a region where the velocity is almost zero. The axial extent of this region is of the same order of magnitude as h a and corresponds to the zone unaffected by the laminar sublayer. This feature was not observed in previous experiments most presumably due to their large θ 0 /h a ratio. Then, for 3 < y * < 16, the velocity increase in a parabolic manner. The transition between laminar and turbulent inner wake region is observed at y * ≈16, somewhat closer to the atomizing edge than claimed in the literature (y * ≈25). The turbulent inner wake extends to y * > 250. The zone of the far-wake (y * > 350) is behind the measurement volume.
Equation 3.3 is fitted on the experiment for y * > 16. This leads to the determination of the shear velocity u τ and the virtual origin y 0,t /θ 0 of the logarithmic law (Eq. 3.3) for the three operating points. The quantities are listed in Table 4 . The shear velocity in the turbulent inner wake is compared to the shear velocity inside the boundary layer (u τ,0 ), as expressed by Pope (2000) :
where B 1 ≈ 0.7. The ratios u τ /u τ,0 , as given in Table 4 , are slightly larger than 1, suggesting that the velocity scale of the turbulence inside the turbulent inner wake region is somewhat larger than in the upstream boundary layer. Even though the deviation is low (<10%), it strongly influences the predictability of the mean velocity profile. Indeed, it was observed that the mean velocity profile is very sensitive to the value of u τ , and even 10% deviation leads to significant discrepancy. Therefore, we propose empirical correlations for the ratios u τ /u τ,0 and y 0,t /θ 0 versus the Reynolds number. They are shown in figure 15 . The ratio u τ /u τ,0 is chosen such that its asymptotic behavior is 1, whereas the behavior on y 0,t /θ 0 is assumed to be linear and valid only for Re g > 190000.
In this model we limit y * 0 = y 0,t /θ 0 to 16. The laminar inner wake is defined for y * < 16. In figure 14 the normalized velocities collapse remarkably well on a single curve for the three bulk velocities if v
is selected. The discrepancy of the exponent between the Goldstein's solution (1/3) and the present results (∼2.58) is striking. The most plausible cause is the different order of magnitude of the ratio θ 0 /h a . As this ratio is large in the literature, the vertical distance between the center line and the plate surface is of the order of δ ν . To the contrary, in this experiment, this distance is one order of magnitude larger. This means that the fluid at the center line is affected by the upstream boundary layer at a large z. In figure 14 , the y * position where the mean velocity becomes significant (i.e.v
The RMS of the axial velocity is shown in figure 16 with the same normalization as for the mean values. The data of the three operating points also collapse well together, confirming that u τ and θ 0 are the proper scales in the near wake flow. The same three zones as for the mean velocity are distinguished. First, for y * < 3.2 the fluctuations of the axial velocity v + RM S is rather constant, and lower than u τ . This corresponds to the region where the upstream layer does not influence the flow at the center line. Second, for y * in the range 3.2-13, v + c,RM S follows a logarithmic growth versus the variable y * . After reaching a peak at y * ≈ 13, the axial fluctuations decrease to a constant value roughly equal to u τ . The location of the peak corresponds to the end of the laminar inner layer in figure 14 .
The RMS of the vertical velocity (figure 17) feature also the three zones observed for v The interesting feature of the velocity profiles plotted in figures 14-17 is that they solely depend on the scales u τ and θ 0 . The shear velocity inside the inner wake is predicted by a classical correlation of u τ,0 and corrected by the behavior shown in figure 15 , while the momentum thickness is estimated by Eq. 3.5. Since these expressions depend mainly on the Reynolds number, the air density is taken into account for the velocities in the inner wake. This will be useful to estimate the mean and the fluctuations of the gas velocity in the region where the liquid is fragmented at different ambient pressures. It is to be expected that the gas flow will be disturbed by the presence of the liquid, nevertheless, it gives a good and simple approximation of the flow field in the vicinity of the atomizing edge. 
Qualitative observations of the liquid phase
In this section the breakup process at the tip of the prefilmer will be qualitatively discussed. Recently, Zandian et al. (2017) performed a DNS of the breakup of a liquid sheet immersed into a turbulent flow by means of a VoF-Level-Set method. They identified several breakup sequences and proposed a nomenclature, as compiled in figure 18 . The LoLiD sequence refers to as Lo=Lobe, Li=Ligament and D=Droplet, and occurs when the initial liquid lobe is stretched axially and later is disrupted into droplets by capillary forces. This regime is triggered at low Reynlods and low Weber numbers and strongly depends on the viscosity of the liquid. The LoHBrLiD sequence (H=Hole, Br=Bridge) occurs at large Weber numbers. In this case, the gas dynamics pressure at the center of the lobe is large enough to thin it. This creates a membrane which expands and generate a bag. The outer sides of the lobe remain thick and constitute a so-called bridge that encloses the bag. The bag is eventually disrupted while the bridge collapses due to capillary forces. The remnants of the bag rims are elongated and undergo a ligament breakup. Finally, the LoCLiD sequence (C=Corrugation) occurs at larger Reynlods and lower Oh number. In this case, no membrane is generated and thinner ligaments appears † Reproduced from A. Zandian, W. Sirignano, F. Hussain, Planar liquid jet: Early deformation and atomization cascades, Physics of Fluids 29 (6) (2017), with the permission of AIP Publishing. on the sides of the lobe. Although their configuration is different from the present one, the sequence and the characteristics of the individual breakup events seem to be similar to the ones observed here. As it will be seen later, the flow conditions of the appearance of these breakup mechanisms differ between the two configurations. Especially, Zandian et al. (2017) observed that one operating point leads to the vast majority of a single type of breakup, which is not the case here. This suggests that either (i) the fundamental mechanism of the breakup occurring at the atomizing edge is different from the one occurring on a liquid sheet, or (ii) the complexity of the flow field at the atomizing edge leads to a large variety of Reynolds and Weber number, and thus different breakups are involved simultaneously. For the second possibility, it means that in the case of accumulation breakup, the location of the breakup event is primordial to determine its type of sequence. Indeed, the velocity seen by the ligament will be very different if the breakup occurs in the wake of the prefilmer or in the high velocity flow.
Time series of single breakup processes
In this section the different types of breakup sequence will be described. First, in figure 19 the most identifiable type is depicted, which shows strong similarities to LoHBrLiD. The process starts with a sufficiently large amount of liquid accumulated at the prefilmer tip. The mass of liquid is stretched in the streamwise direction in the shape of a tongue ( figure 19a ). Due to the large dynamic pressure that acts on the lobe surface, the center of the tongue is stretched out like in a bag-breakup phenomenon, while the sides of the tongue form the bridge ( figure 19b ). During the formation of this structure, it is continuously stretched in the streamwise direction. The membrane of the bag as well as the top of the bridge are quickly fragmented ( figure 19c) . Out of the membrane very fine droplets are formed whereas from the bridge significantly larger droplets are generated. The remaining part of the structure, i.e. the rest of the bridge and the stretched foot contract back to reform into a ligament (figure 19d), which is further stretched and eventually breaks up (figure 19e) into droplets of larger size ( figure 19f and  19g ). Several deviations from this canonical behavior can occur. For instance, if the foot of the structure remaining after the first breakup contains a sufficient amount of liquid, the same process may be reinitiated.
The ligament breakup sequence, also referred to as LoLiD (Zandian et al. 2017 ) is depicted in figure 20 . The starting point of this sequence may be a lobe emerging from the breakup accumulation, or it may also be the remnant of a previous bag breakup as it is the case in figure 20a . This initial lobe exhibits a surface prependicular to the streamwise direction, but, contrary to LoHBrLiD, the dynamic pressure of the gas is not large enough with respect to the frontal area to pinch the surface of the lobe. Hence, it is stretched in the streamwise direction (figure 20b). The lobe is extended faster than liquid is provided by the accumulation at the ligament foot. As consequence, the lobe becomes thinner ( figure 20c ) and eventually forms a ligament (figure 20d). Finally, this ligament is disrupted by the so-called ligament breakup, as described in Marmottant & Villermaux (2004) , producing droplets larger than the ligament diameter at the moment of breakup (figure 20e).
The sequence with the corrugation of the lobe (LoCLiD) was rarely observed in the present configuration. Hence, it was not possible to isolate such an event. Consequently, it is not described in detail here. It was frequently observed that the breakup sequence was a combination of LoHBrLiD and LoLiD. This hybrid breakup sequence is depicted in figure 21 . First, a large lobe is stretched and appears to undergo a LoHBrLiD sequence (figure 21a). It is further stretched and a proto-bag is discernible in figure 21b and 21c. However, the two sides of the rim come closer, so that the bag does not inflate, and the ligament is further stretched (figure 21d). As the tip of the ligament contains a significant amount of liquid, a LoHBrLiD occurs at the tip of the ligament (figure 21e), which is detached itself from the root of the initial ligament. The LoHBrLiD sequence further proceeds on the detached ligament, which is advected downstream, while another LoHBrLiD starts at the tip of the remaining part (figure 21f). Then the second LoHBrLiD is quickly dragged away by the gas, leading to a quickly elongated ligament (figure 21g and 21h) which eventually breaks up (figure 21i).
Influence of the ambient pressure and the gas velocity on the length scales
The previous time series clearly shows the role of the liquid accumulation during the breakup process. Indeed, the liquid accumulation provides a liquid tank which feeds the ligaments during the stretching and breakup phase. During the whole process, no influence of the film flow is observed. The breakup process occurs continuously, independently of the incoming film waves. This independence is due to the moderate film loading, in comparison to Déjean et al. (2016) . As mentioned earlier, although Zandian et al. (2017) observed that one given operating point corresponds to one given type of sequence, it is not the case here. To illustrate this statement, two time series are displayed in figure 22 for an ambient pressure of 3 (left) and 7 (right) bar at 40 m/s. At the beginning of each series, different lobes are identified depending of their subsequent breakup sequence. It is observed that (i) different breakup sequences can occur at the same time for the same operating point and (ii) the pressure does not influence the type of sequence. It must be emphasized that the surface of the liquid accumulation is very distorted, which makes it difficult to analyze the morphological structure of accumulation breakup in general. Any automated shape recognition technique results in poor results or lack of representativeness. The effect of the ambient pressure and bulk velocity is shown in figure 23 . The structure of the liquid accumulation and the ligament is left unchanged with the same occurrences of LoCLiD and LoHBrLiD for all operating points. This suggests that the same mechanism occurs independently of the velocity and the pressure for the ranges investigated here. However, a clear change in length scale is observed. With an increasing pressure and/or velocity, the global length scale of the bags, ligaments and generated droplets decrease. Obviously, the velocity has a stronger influence than ambient pressure.
Quantitative observations
Influence of the gas velocity
Typical dimensions of the liquid accumulation are presented in figures 24 and 25. At p = 1 bar, the ratio A Lig /P Lig is almost constant versus the gas velocity, but decreases with the gas velocity for p > 1 bar. The slope becomes slightly steeper with an increase of ambient pressure. A Lig /P Lig is smaller for lower film loading, which can be explained as follows.
The liquid accumulation is fragmented due to the turbulent high speed airflow outside the recirculation zone. Therefore, the surface of the liquid accumulation is highly distorted by the aerodynamic stress, which controls the tearing rate, i.e. the mass flow rate to be detached from the liquid accumulation. This means that the perimeter of the liquid accumulation is mostly determined by the gas flow. When the film loading is increased, it increases in turns the feeding rate of the liquid accumulation but the tearing rate remains constant. This increases the total volume of the liquid accumulation, which finally leads to a larger area. Hence, the ratio A Lig /P Lig increases for an increasing film loading. The mean longitudinal extent of the ligaments L Lig is depicted in figure 24 (right) . The global trend is also a decrease of L Lig with an increase of the aerodynamic stress, i.e. with an increase of (i) the gas velocity and/or an increase of (ii) the ambient pressure. This is because the ligaments are disrupted faster, so that they are less stretched in axial direction. This observation also confirms the aerodynamic stress as the driving phenomenon, both in terms of velocity and density. Like for A Lig /P Lig , the increase of film loading slightly increases L Lig . The characteristic extension velocity of the ligament is shown in figure 25 (left). The Figure 24 : Evolution of the Area-to-Perimeter ratio (left) and Ligament longitudinal extent (right) versus the mean gas velocity for different ambient pressures and film loadings.
gas velocity acts also a driving force, but contrary to the two previous quantities, the film loading has a stronger effect than the ambient pressure. For p > 1 bar, all the points collapse on two different lines corresponding to two different film loadings. Finally the breakup frequency is shown in figure 25 (right) where an increasing trend is clearly observable with the aerodynamic stress. The influence of the film loading cannot be clearly identified. The Sauter Mean Diameter (SMD) of the spray is depicted in figure 26 (left). As expected, it decreases monotonically with an increasing gas velocity. With an increasing ambient pressure, the SMD is reduced but with a decreasing rate: the relative change of SMD is smaller as the pressure is larger. This trend confirms the SMD ∝ p α where α is negative, as initially observed by Rizkalla & Lefebvre (1975) . The volume-based mean velocity u D,vol is shown in figure 26 (right) where a linear dependency on the gas velocity is observed. However, the influence of the pressure and the film loading is complex and no simple conclusion can be drawn at this point. Table 5 : Fitting parameters for y = a p b , from figure 27. R, the residual of the fitting, is multiplied by 1000.
Influence of the ambient pressure
All the quantities are plotted versus the ambient pressure for U g = 40, 60 and 80 m/s in figure 27. Each variable is fitted with the line of equation y = a x b for a single velocity and different film loadings. This is to identify the accumulation characteristics whose pressure dependency is weakly influenced by the film loading. The coefficients of the fitting are listed in Table 5 . In figure 27 , the curves of the SMD and the breakup frequency show a regular parallel shift with a constant slope. This means that the exponent b is rather constant and that the prefactor a varies monotonically. Hence, the dependence of the SMD and f BU on the ambient pressure is rather constant, independently of the gas velocity and of the film loading. By averaging the exponent b of the fitting function for the three velocities, the Table 5 .
global trend can be expressed as:
The quantities related to the liquid accumulation A L /P L , L Lig and U Lig show a monotonic dependency on the ambient pressure with a slight influence of the gas velocity and the film loading. To obtain a global trend on pressure dependence, one can average the exponent b for the three velocities:
The similar scaling of A L /P L and L Lig with the pressure is to be highlighted, as it could be a suitable candidate for characterizing the influence of pressure on the geometrical characteristic of the liquid accumulation. The complex dependency of the primary droplets velocity U D,vol on the ambient pressure is confirmed by figure 27 , with a maximum between p = 1 and 5 bar. This maximum can be qualitatively explained by the influence of the ambient pressure on the drag exerted on primary droplet. The gas density, the droplet diameter and gas velocity at the tip of the ligament contribute to the droplet acceleration due to the drag. These three variables depend on pressure. At lower pressure (p = 1 bar), the ligament length L Lig is large, which means that the droplets are created relatively far from the atomizing edge, where the gas velocity is already large. On the other hand, at p = 1 bar, the droplet diameter is large and the gas density is low. Considering together all these effects of gas density, droplet diameter and local velocity, the droplets will be moderately accelerated. In the contrary, at high pressure (i.e. high air density), the droplets diameter will be smaller. As L Lig is smaller, the droplets are created closer to the atomizing edge, resulting in a smaller local gas velocity. Considering all terms also leads to a moderate acceleration. Therefore, in between these two extreme cases, there exists a pressure at which the acceleration of the droplet is at a maximum. Finally, the values of the SMD are plotted versus L Lig and A L /P L . The black dashed line is the best linear fit and the grey dashed lines are the ±10% boundaries. The SMD correlates well with the characteristic lengths of the liquid accumulations. This observation strengthens the assumptions that the scale of the liquid accumulation determines the scale of the spray characteristics.
Probability Functions
In this section the liquid accumulation and the primary droplets are investigated in terms of probability density function (PDF). The link between the length of the ligament and the location where the primary droplets are created is illustrated in figure 29 for different ambient pressures. The distribution of L Liga (left) can be subdivided into three linear regimes. They are depicted on figure 29 (left) for p = 3 bar. First, the linear increase corresponds to ligaments mostly in the process of formation, i.e. stretched liquid streaks in a stable form. It is referred to as the ligament formation zone in the following. Second, a linear decrease depicts the final step of ligament stretching, during which ligament are fragmented, and it is labeled ligament breakup zone. The last linear part is the slow decreasing tail of the PDF and corresponds to marginal long ligaments. Globally, figure 29 (left) shows (i) the significant dispersion of the ligament length and (ii) the influence of the ambient pressure on the scale and the shape of the PDF. The meaning of the vertical solid lines in figure 29 (left) will be explained later. On the right of figure 29 the distribution of the axial position of the droplets is depicted. It can be regarded as the evolution of the droplet concentration (or liquid fraction) in the axial direction. Two zones can clearly be discriminated. First, the PDF increases linearly, representing droplets production. This corresponds to the zone where most of the ligaments and bags are fragmented. In this zone the breakup is dominant over the droplet transport. In the second zone, the droplet concentration decreases because of the acceleration by the gas. As the droplet velocity increases with the axial position, the cloud of droplets is expanded in the axial direction. In virtue of the mass conservation of the liquid,ṁ l = α l ρ l A u l , a larger droplet velocity leads to a lower volume fraction α l . In this zone, the breakup phenomenon still occurs, but it is dominated by the effect of droplet acceleration. The identification of these zones is an objective distinction between (i) primary breakup where the liquid volume fraction due to the droplets increases, i.e. the droplet creation is dominant over the cloud expansion, and (ii) secondary breakup where the droplet creation is dominated by the acceleration due to the gas. The limit between the two zones is defined at the location where droplet number PDF over droplet position starts to follow a linear decrease. It is shown as vertical solid line in figure 29 (right) and coincides well with the end of the ligament breakup zone of the L Lig distribution (vertical lines in figure 29 left) . Indeed, when most of the ligaments are fragmented at the end of primary breakup zone, most of droplets are created and the cloud starts to expand. As expected, the increase of ambient pressure leads to shorter ligaments. Hence, droplets are created closer to the atomizing edge, the distribution is shifted towards the atomizing edge. The profile of the mean axial velocity in the vicinity of the prefilmer is extrapolated from the model derived in Section 3, and its corresponding local aerodynamic stress is shown in figure 30 . The vertical lines correspond to the transition between primary and secondary breakup like in figure 29 . The dashed portion of the curves corresponds to a buffer layer between the laminar and the turbulent near wake. At the interface of the two zones, the velocity profiles did not match, i.e. u lam (y * = 16) > u turb (y * = 16). Therefore a linear profile, depicted as the dashed line, is applied in this buffer zone. From figure 30 (left), it is obvious that the gas velocity at the transition between primary and secondary breakup significantly depends on the ambient pressure. However, when the profile of the local aerodynamic stress ρ g u 2 g is plotted versus the axial position, the primary/secondary breakup transition is found for a similar value of the stress. This result emphasizes the hypothesis that the aerodynamic stress is one of the most important parameter to characterize primary breakup. Also, note that the primary/secondary breakup transition does not always occur at the same near-wake region. In figure 30 , it occurs in the laminar (5 bar) or in the buffer region (1 and 3 bar) .
The Volume Probability Density Function (VPDF) of the droplet size and the PDF of the droplet velocity are now discussed. First, the influence of the post-processing is explained. The present post-processing methodology features two major differences with Lim. ratio/no corr.
All ratio/no corr.
Lim. ratio/corr.
All ratio/corr. Figure 31 : Influence of spherical droplet filtering and depth-of-field correction on the VPDF of droplets for U g =80 m/s, p=5 bar and Λ f =50 mm 2 /s. For the curve denoted "Lim. ratio/no corr", the dashed line corresponds to the best fitting of the log-normal function.
regards to traditional methodologies for spray characterization such as LDA and LDT. First, the present methodology captures non-spherical droplets, whereas PDA requires spherical or nearly spherical droplets and LDT leads to a deviation in case of non spherical droplets (Dumouchel & Blaisot 2014) . Second, our methodology includes a correction for small droplets located out of the focal planed, based on calibration (Warncke et al. 2017) . These two features extend the diameter resolution for large and small diameter. While the small droplets are better detected with the calibration, non spherical droplets are usually in the range of large diameters. The influence of these features are depicted in figure 31 . The round symbols show the VPDF with close-to-spherical droplets only (Lim. ratio) and without small diameter correction. The overall shape is similar to the typical shape, such as the Rosin-Rammler, the Gamma, or the log-normal function. For instance, the data has been fitted by a log-normal function (dashed line in figure 31 ). Taking non-spherical droplets into account (square symbol) increases the PDF at the tail of the distribution (large droplets) and flattens the peak. On the other hand, correcting the diameter of small droplets (triangle symbols) accentuates the peak of the distribution and hence decreases the density of the tail. Applying both corrections (pentagon symbols) leads to a VPDF made of two parts (i) a concave tail, due to larger droplets and (ii) a sharp, almost triangular, peak due to the small droplets. In this case, the resulting SMD is 70 μm, significantly larger than without corrections (48 μm). The two corrections are always applied in the rest of this work. Note that all distributions are normalized and the apparent difference of the area is due to the logarithmic scale of the x-axis. The VPDF of the droplet size is presented in figure 32 for different pressures (left) and different gas velocities (right). The value of the SMD is represented by a vertical line for each case. As explained previously, the overall shape of the distributions is somewhat different from the typical shape. Nevertheless, the influence of pressure is visible with a global shift of the whole distribution towards smaller diameters at higher pressures. On the contrary, the increase of the velocity has a weak influence on the location of the peak. It promotes creation of small droplets (15 -60 μm) and leaves the tail almost unchanged. This highlights two different contributions from the pressure and the velocity. The pressure affects the fragmentation on all scales of droplets whereas the velocity affects only the smaller scales (left of the peak in figure 32 right) which corresponds to droplets created in a high velocity air flow. This is due to the particular geometry of prefilming airblast atomization. In the wake zone of the prefilmer, the gaseous velocity is low, almost independently of the bulk velocity of the free flow. Therefore, the breakup process occurring in this zone will result in large droplets with a weak dependence on the free flow velocity. In contrary, when the ligaments are immersed in the high-speed air flow, they feel the total of the bulk velocity. Hence, at this location, the droplets are small and are fully influenced by the bulk velocity of the flow. The influence of ambient pressure and gas velocity on the droplet velocity is shown in figure 33 . The mean value is depicted by the vertical lines. The non-monotonic influence of the ambient pressure is well visible with a shift of the peak. At p = 5 bar, the dispersion of velocities normalized by the mean value is larger, which could be the consequence of the primary droplets generated closer to the recirculation zone. When the velocity increases ( figure 33 right) , the mean value of the droplet velocity increases monotonically. The same type of dispersion as for the influence of pressure is also observed.
6. Investigation at constant aerodynamic stress 6.1. Using the liquid momentum flux for characterization of prefilming airblast atomization
In the literature, the momentum flux ratio
L was identified as an important parameter governing airblast atomization. It reflects the rate of gaseous momentum (i.e. the aerodynamic stress) available to disintegrate a given amount of liquid continuously injected by the nozzle. Therefore, the aerodynamic stress is normalized by the liquid momentum flux at the location of breakup. In the case of prefilming airblast Table 6 : Corresponding values of ambient pressure, gas velocity and Reynolds number for a constant aerodynamic stress ≈ 22 000 Pa.
atomization, the question of liquid momentum flux at the location of breakup is not straightforward because the liquid can be injected in different manners, and the initial momentum is dissipated in several ways, as illustrated in figure 34 . Downstream the injection, the liquid forms a thin film, where it reaches its steady state after a period of t st = h 2 f /ν (Chaussonnet 2014) . In this case, the state of the film is independent of the initial conditions, and the information of the initial momentum flux is lost when the film reaches the atomizing edge. This means that for a prefilmer long enough to allow the film to reach the steady-state, the liquid momentum flux at the injection is not representative of the momentum flux when the film reaches the atomizing edge. In addition, since the liquid accumulation operates a decoupling between the film flow and the breakup process, the momentum of the film when it reaches the atomizing edge is significantly different from the momentum of the liquid accumulation, which is stationary. As a final consequence, the momentum of the liquid accumulation is very low and usually negligible compared to the momentum of the gas. For these reasons, the momentum flux ratio is not pertinent to characterize prefilming atomization, and only the term τ G will be investigated in the following.
Mean values of the liquid accumulation and the primary spray
In Section 5, the density and the velocity of the gas were independently varied. This led to comparisons with different aerodynamic stresses τ G = ρ G u 2 G . In this section, τ G is kept constant to ≈ 22 000 Pa, and the two parameters are varied simultaneously. The operating conditions are listed in Table 6 . Figure 35 presents the evolution of the liquid accumulation and the spray characteristics versus the gas velocity. The corresponding ambient pressure is annotated at each symbol. The quantities s * and ∆ * are the standard deviation and the maximum amplitude, respectively. They are used to quantify the Figure 35 : Evolution of all the accumulation quantities versus the mean gas velocity for the same aerodynamics stress. s * and ∆ * are the standard deviation and the amplitude, respectively, normalized by their mean and expressed in %. Numbers close to the symbols (3-8) is the pressure. statistical deviation of the six quantities for the different operating points investigated in the present section. They are both normalized by their mean value and expressed in %. The Area-to-Perimeter ratio A L /P L is rather constant with a slight decrease at lower velocity. The evolution of the longitudinal ligament extent L Lig suggests a regime close to saturation for lower ambient pressures. The ligament velocity U Lig has a linear evolution with the gas velocity. Consequently, the breakup frequency f BU = U Lig /L Lig shows a saturation regime at lower velocities. With the smallest s * and ∆ * , the SMD of the spray is globally kept unchanged with a slight decrease at high velocity. U D,vol exhibits a linear evolution for p between 3 and 5 bar, and a constant value for p larger than 5 bar. It closely follows the trend of the breakup frequency. For all quantities, the normalized standard deviation is below 10% and, apart from the velocities (U Lig and U D,vol ), the maximum amplitude of the variation is lower than 10%.
Densities of probability
The probability density function of the ligament length and of the droplet position is given in figure 36 , (left) and (right), respectively. The similarity between all curves is striking. It clearly demonstrates the superiority of the aerodynamic stress versus the gas velocity or the ambient pressure to describe the liquid accumulation and the primary spray location in prefilming airblast atomization. In addition, the limit between the primary and secondary breakup (y ≈ 2.5 mm) in figure 36 (right) coincides with the end of the ligament breakup zone ( figure 36 left) , as also observed in figure 29 . The profile of the local aerodynamic stress is shown in figure 37 . It is estimated from the model presented in Section 3 and normalized by τ G . The different profiles match remarkably well. Not only this confirms the tight link between liquid breakup and shear stress imposed by the gas flow, but also it suggests that the gas flow model is valid over a larger range of Reynolds numbers. For these operating points, the primary/secondary breakup transition occurs in the second half of the buffer region of the velocity profile. The distribution of the droplet diameter and velocity is shown in figure 38 (left) . As expected, the VPDF of the spray droplets is almost unchanged for a constant aerodynamic stress. The only difference comes from the larger production of small droplets at larger velocities. As mentioned earlier, this is related to the fact that the gas velocity has a strong influence outside the recirculation zone whereas the effect of pressure is applied everywhere. The influence of the gas velocity on U D,vol (figure 38 right) leads to a shift of the peak towards larger velocity for larger gas velocities. This is because larger gas velocity generate more smaller droplets which is are accelerated faster.
As a conclusion of this investigation of the aerodynamic stress, it can be stated that the geometrical output (A Lig /P Lig , L Lig and the SMD) and the frequency f BU of the breakup phenomenon is rather constant for a constant aerodynamic stress τ G , whereas the velocities of the ligament and the droplet slightly increase with the gas velocity. The striking observation is that the probability density functions are also very similar. This means, if the aerodynamic stress is kept constant, not only the mean values but also the fluctuating components remain the same.
Comparison with other correlations
In this section the SMDs are compared with correlations from the literature. The objective of this section is (i) to assess the dependence on ambient pressure given by the different correlation and (ii) to stress the need of using shadowgraphy to calibrate primary breakup models.
Literature survey
In addition to the papers cited in the introduction (Rizkalla & Lefebvre 1975; ElShanawany & Lefebvre 1980; Aigner & Wittig 1988; Gepperth et al. 2013) , correlations of Inamura et al. (2012) , Eckel et al. (2013) , Chaussonnet et al. (2016) and Shanmugadas & Chakravarthy (2017) have been published. They are all listed in Table 7 . A brief summary of the operating parameters for each correlation cited in the introduction is given by Gepperth et al. (2013) , and more details are provided by Shanmugadas et al. (2018) . In the correlation of Rizkalla & Lefebvre (1975) , L c represents a characteristic length, which was later attributed to a film thickness, even though the authors did not measure the film thickness in the original experiment. In the present work, we considered L c as the hydraulic diameter of the gas duct where the film is present. This corresponds to twice the channel height (2H). The correlation by El-Shanawany & Lefebvre (1980) was derived from experiment at an annular atomizer, and the term D p refers to the nozzle diameter at the throat, which corresponds also to the hydraulic diameter. Therefore D p was set to 2H. In the correlation by Aigner (1986) , the term δ refers to the boundary layer thickness over the prefilmer at the atomizing edge. It is estimated from Eq. 2.1. In its original form, the correlation does not contains any proportionality constant. It is set arbitrarily here to 20 to match approximately the present results. The correlation from Inamura et al. (2012) is derived from an advanced model that was calibrated using an experiment similar to the present one. It was investigated at atmospheric pressure with water, and the droplet were collected 50 mm downstream with LDT. To summarize, the model supposes two different instabilities on the film surface, characterized by two different wavelengths, which define a volume and a mean diameter. This mean diameter constitutes the first parameter of a Gamma function to describe the droplet size distribution of the primary spray. Then, the author use a Taylor Analogy Breakup (TAB) model to mimic the secondary breakup that occurs between the atomizing edge and the measurement distance. The interested reader is referred to (Inamura et al. 2012) for further details, and to (Chaussonnet et al. 2017 ) for a concise explanation of how to implement the model. The correlation from Eckel et al. (2013) is a model that predicts a bimodal drop size distribution downstream the atomizing edge. The two modes correspond to the bag and ligament breakups. It is calibrated using the experiment of Gepperth et al. (2012) . It also supposes two different instabilities on the film surface. Further details can be found in (Eckel et al. 2013 ) and a condensed description of implementation can be found in (Chaussonnet et al. 2017) . The correlation from Gepperth et al. (2013) was derived from the same experimental setup as in this work, based on a previous campaign (Gepperth et al. 2012 ) with a different atomizing edge. When the correlation was developed, the nominal atomizing edge thickness was set to 1 mm. However, later measurements showed that the actual thickness of the atomizing edge was 0.64 mm. Therefore, the correlation from Gepperth et al. (2013) was recalibrated by considering the actual h a . The correlation from Chaussonnet et al. (2016) is derived from the idea that the liquid accumulation is accelerated in axial direction, leading to a Rayleigh-Taylor instability. It is calibrated using the experiment of Gepperth et al. (2010) . For this correlation, the correction of the atomizing edge thickness h a is also taken into account. Therefore C 12 is set to 1.69, and not to 1.40 as stated in the original paper. In the correlation by Shanmugadas & Chakravarthy (2017) , t rim corresponds to the thickness of the liquid accumulation at the atomizing edge. It is approximated here as h a . In the perspective of the present work, and because of the significance of the aerodynamic stress, it is worth to note that almost all the correlations depend on the term ρ α g U β g , with the ratio β/α either explicitly equal to 2 or close to 2. On the contrary, the momentum flux of the liquid is not found in these correlations.
Discussion
The droplet size as predicted by the correlations are plotted individually in figure 39 and superimposed to each other in figure 40 . Apart from the correlations from Gepperth et al. (2013) ; Chaussonnet et al. (2016); Inamura et al. (2012) , all correlations underestimate the SMD. There are several reasons to explain the discrepancies observed in figures 39 and 40. First, in all the experiments except the one from Gepperth et al. the spray droplets were measured by PDA or LDT. As mentioned in the introduction, these techniques rely on spherical droplets, which are usually smaller than non-spherical droplets, and lead to a bias, especially in the vicinity of the atomizing edge. The second reason is a corollary of the first: the measurements with PDA or LDT are made far away from the nozzle, where secondary breakup has significantly decreased the mean size of the spray droplets. Third, some experiments (Aigner & Wittig 1988; Shanmugadas & Chakravarthy 2017) were made with a swirl, leading to an enhanced shearing of the droplets, and consequently reducing the mean droplet size. Interestingly, the correlation from Inamura et al. (2012) was also calibrated with droplets collected 50 mm downstream, where secondary breakup occurs. Hence, it is also expected to give an underestimated SMD. However, it predicts the current experiment with a remarkable good agreement. As pointed out in (Chaussonnet et al. 2017) , this can be explained by the fact that the model first overestimates the mean droplet size, and then reduces it by using the TAB model. The correlation from Eckel et al. (2013) was calibrated using the experiment by Gepperth et al. (2012) . Hence, the discrepancy comes from the calibration constants. This model was already compared to an experiment similar to the present one in a previous publication (Chaussonnet et al. 2017) and it was also found to deliver too small droplets. This is because in the bimodal PDF used by this model, one peak is overestimated compared to the other. After recalibration, it delivered a good prediction of the SMD (Chaussonnet et al. 2017) . For all correlations, the dependency on the ambient pressure is represented by the gas density, whose exponent is given in Table 8 . Obviously, all correlations overestimate the influence of the gas density. The closest value is given by Shanmugadas & Chakravarthy (2017) , even though the absolute value of their SMD is the most underestimated. The best correlations to estimate the SMD (6 and 7 in Tables 7 and 8 ) have an exponent of -0.55 and -0.5, respectively, which leads to a too steep correlation line in Figs 39 and 40.
To conclude this part, it is observed that except the model from Inamura et al. (2012) , all models calibrated with LDA/PDT tends to underestimate the SMD. The Correlation from Table 7 1  2  3  4  5  6  7  8 Present exp. Exponent of ρg -1 -0.7 -0.6 N/A N/A -0.55 -0.5 -0.33 -0.29 Table 8 : Exponent of the gas density in the correlations from Table 7 authors of the present paper claim that primary breakup models must be calibrated with data collected directly at the atomizing edge. To the author knowledge, the use of shadowgraphy and the post-processing of the image is nowadays the only appropriate diagnostic.
Conclusion
In this work the liquid accumulation and the primary droplets were studied for prefilming airblast atomization by means of PIV and shadowgraphy technique. The influence of the gas velocity, the ambient pressure and the aerodynamics stress were individually investigated. It was observed in single-phase experiments that the velocity profile at the center line can be determined from the momentum thickness of the upstream boundary layer and from a shear velocity u τ whose value is close to the one of the upstream boundary layer. The qualitative observation of the liquid breakup revealed the same type of structures as reported by Zandian et al. (2017) , although their regime map was derived numerically for liquid sheet breakup and does not correspond to the present observations. A strong link between the SMD of the primary spray and the characteristic length of the liquid accumulation was discovered, which stresses the statement that the state of the liquid accumulation determines the characteristics of the primary spray. In addition, a significant correlation between the PDF of the ligament length and the location where the droplets are created could be demonstrated. This stresses the importance to take the liquid accumulation into account to determine the injection location in low-order primary breakup models. It was shown that the aerodynamic stress has a major influence on the spray characteristics and the liquid accumulation, independently of the individual values of the gas velocity and the ambient pressure. In the range of low to moderate film loading, the liquid accumulation acts as a buffer that decouples the film flow and the breakup process. Hence, the momentum of the injected liquid has no influence on the atomization and the aerodynamic stress alone should be preferred to the momentum flux ratio M to describe this type of atomization. Quantitatively, the length scale of the liquid accumulation scales with p −0.422 . The SMD of the primary spray and the breakup frequency are proportional to p −0.29 and p −0.72 , respectively. Finally, the result on the spray SMD were compared to some correlations from the literature. It was highlighted that the models which were calibrated by measurements far away from the injector, typically with PDA or LDT, underestimate the droplet size compared to the present results. This is because secondary atomization is included which strongly reduces the droplet sizes. The models calibrated on a similar experiment were able to correctly predict the SMD, with an acceptable dependence on ambient pressure. It should be mentioned that the experimental database gathered in this work will help to develop models for the liquid accumulation and to refine existing models for prefilming airblast atomization.
